This review highlights the synthesis and reactivity of longer [n]cumulenes (n ≥ 5) and summarizes their electronic and structural properties.
Scheme 5 Synthesis of [4] cumulenes from diesters.
[3]Cumulenes can be converted to [4] cumulenes via addition of dichlorocarbene to a 
Synthesis of [5]cumulenes
Of the higher [n]cumulenes (n ≥ 5), [5] cumulenes are by far the most studied and there are thus a number of efficient routes that have been developed for their synthesis. 82 In analogy to the syntheses described for Scheme 8 Synthesis of [5] cumulenes based on carbenes/carbenoids.
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Unsymmetrical [5]cumulenes can be synthesized through trapping of vinylidene carbenes, as reported by Stang and coworkers (Scheme 9). 101, 122, 123 More specifically, elimination of a diyne vinyl triflate forms the intermediate carbene, which can be trapped by either addition to electron rich alkenes (i.e., tetramethylethylene and cyclohexene) or M-H bond insertion using R 3 MH (M = Si, Ge). In some cases, the resulting [5]cumulene is not stable and isomerizes or polymerizes during the reaction.
Scheme 9 Synthesis of unsymmetrical substituted [5] cumulenes based on carbenoids.
[5]Cumulenes can be formed based on the reaction of a [3]cumulene with dibromocarbene as described by Skattebol (Scheme 10). 124 The addition of dibromocarbene to 70, 126, 127 In the majority of recent studies, SnCl 2 is the reductant of choice and usually gives good yields. In the case of alkyl substitution, conversion of the diyne diol to the corresponding dihalide with PI 3 , 71 PBr 3 , 71, 127 HBr, 127 or HCl 127 is required, which is then followed by reductive elimination using Zn or n-
BuLi.
Scheme 11 Synthesis of [5]cumulenes based on acetylenic diol derivatives.
Synthesis of [6]cumulenes
To date, only one synthesis has been reported for a [6] 
Synthesis of [7]cumulenes
To our knowledge, only seven tetraaryl [7] cumulenes and one tetraalkyl [7] [7] cumulenes requires conversion of the diol to the dibromide, followed by reductive elimination with Zn. In contrast, the tetraaryl [7] cumulenes can be formed directly by reduction with either P 2 I 4 or SnCl 2 . In most cases, the [7] cumulenes tend to decompose quickly, both in solution and the solid state. In the most recent report on cumulene synthesis, however, Januszewski et al. show that [7] tBuPh and [7] Mes are sufficiently stabilized using sterically demanding aryl endcapping groups to provide crystalline products. 70 Perhaps the most structurally interesting [7] cumulene reported to date, [7] pPh, was synthesized by Cadiot and coworkers through a variation of the diol approach as outlined in Scheme 14. 131 In this case, the acetylenic diol precursor was assembled using a Cucatalyzed heterocoupling between a terminal diacetylene and a bromoacetylene derivative.
While the final product could not be isolated, UV/Vis spectroscopy confirmed formation, with a lowest energy absorption at 700 nm that is red-shifted versus that of all other [7] cumulenes (vide infra).
Scheme 14
Synthesis of the bis [7] 
UV/vis spectroscopy
UV/vis spectroscopy has been the most common characterization method for long
[n]cumulenes and in early studies it was the essential tool to confirm formation of [7] In principle, three major factors govern trends typically observed in the UV/vis spectra of
[n]cumulenes, including (1) structure of the [n]cumulene (odd-versus even-numbered
[n]cumulenes), (2) molecular length, and (3) the nature of the terminal substitution, i.e., endgroup effects (aryl versus alkyl giving mesomeric versus inductive effects, respectively).
Comparison of odd-versus even-numbered [n]cumulenes
The influences of odd-versus even-numbered [n]cumulenes are delineated schematically in Fig. 3 , and this also demonstrates the potential mesomeric or inductive contribution from the endgroups. For even-numbered cumulenes, there are two π-systems that are degenerate and spatially orthogonal (Fig. 3a) . In the case of aryl endcapping groups, each orthogonal π-system can conjugate with substituents at one end of the cumulenic framework, but not both.
The situation is distinctly different for odd-numbered cumulenes (Fig. 3b) , where the two π-
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Chemical Society Reviews systems of the sp-carbon framework are no longer degenerate. In this case, one π-system spans the length of the cumulene skeleton and can conjugate with both sets of endgroups ( Fig. 3b , in red). The other π-system (in blue) does not communicate directly with the endgroups (i.e., via resonance) and is thus considerably shortened, although hyperconjugation with terminal groups is easily envisioned. It is worth noting that the influence of odd-versus even-numbered [n]cumulene structure should also be observed in the bond length alternation (BLA) of cumulenes. As shown by the mesomeric structures in Fig. 3b , increased BLA is expected for odd [n]cumulenes and should be further enhanced by groups able to conjugate to the cumulene core. expected that at some cumulene length this effect reaches saturation, and λ max would reach a minimum and constant value. This limiting value would then represent an estimate of energy gap (E g ) of the material "cumulenic" carbyne. Several methods have been used for polyynes to describe the relationship between E g , λ max , and n, such as an empirical power-
) or the exponential function proposed by Meier and coworkers. 139 Unfortunately, attempts to apply these protocols to the cumulenes reported in Table 1 provide inconclusive estimates for E g , and longer cumulenes (n > 9) are needed to complete this analysis. Thus, no experimental estimate for the cumulenic form of carbyne is currently available. [n]cumulene [n]Ph [a] [n]tBuPh [b] [n]Mes [b] [n]Cy [b] 
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Comparison of [5]cumulenes as a function endcapping group
In 542 [a] 540 [a] 543 [b] 547 [c] 517 [a] 510 [a] 500 [d] 488 [a] 489 [b] 485 [e] 493 [c] 465 [a] 460 [d] 339 [d] 337 [d] 336 [ 
Comparison of [n]cumulenes to polyenes and polyynes
It is interesting to compare UV/vis spectroscopic behavior of [n]cumulenes versus other conjugated oligomers of analogous size and substitution patterns, such as polyenes and polyynes (Table 3 and 
"fair" comparison is not possible due to the different valency requirements of the terminal atoms of each chain, i.e., termination with sp-versus sp 2 -carbon. It is also important to emphasize again the different π-electron system(s) present in each molecule, as described earlier in Figure 3 . Namely polyenes have only a single π-system, while polyynes possess two degenerate, orthogonal π-systems (Fig. 5) . Finally, [n]cumulenes have two nondegenerate π-systems, i.e., one that extends the length of the molecule and conjugates to the endgroups (in red, Fig. 5 ) and a shorter π-system that is orthogonal and cannot conjugated to the endgroups (in blue, Fig. 5 ). The electron count for each molecule shown in Table 3 includes only electrons found in the longest conjugated π-system in each case.
Table 3
Comparison of UV/vis spectroscopic data (λ max in nm) of cumulene, polyenes, and polyynes containing phenyl or alkyl endgroups (based on the number of π-electrons in the longest conjugated segment).
[a]
Ph(≡)[n]
[n]Cy [b] tBu( =) [n]
[c]
tBu(≡)[n]
[ The most interesting point to be gleaned from these comparisons is that for all series of molecules with equivalent π-electron counts, cumulenes show the lowest energy absorption, (Fig. 6a) , while this is not the case with alkyl endcapping groups (Fig. 6b) .
Interestingly, λ max values for phenyl substituted [n]cumulenes move to lower energy in a much more dramatic fashion than those of either polyenes or polyynes (Fig. 6a ). This demonstrates a significantly stronger increase of the conjugation with increase of chain length in the case of cumulenes than in polyenes or polyynes, a trend that is also supported by bond length alternation (BLA) date presented in the next section. For alkyl substituted
[n]cumulenes, the same general trend is also observed but to a lesser extent than in phenyl Table 3 .
Structural analysis by X-Ray crystallography
X-ray crystallographic analysis is relatively uncommon for [n]cumulenes (n ≥ 5) due to instability under ambient conditions and limited synthetic accessibility. This method, however, offers profound insight into both the physical and electronic structure of cumulenes, especially via the analysis of bond length alternation (BLA) as a function of molecular length (BLA, defined as the bond length difference between the two central-most double bonds of the cumulene chain). As discussed above, UV/vis spectroscopy shows nicely that there is a relationship between the optical HOMO-LUMO gap and the length of the cumulene chain. In principle, this change in HOMO-LUMO gap should coincide with structural changes of the cumulene framework. More specifically, BLA should diminish for longer cumulenes and eventually reach a constant value. Several theoretical calculations for cumulenes have suggested that BLA cumulenes should approach a value of nearly zero, 55,146,147 although at the time of these reports experimental validation of these predictions was not possible. In this section, selected X-ray crystallographic data is discussed in terms of structural trends, followed by a summary of BLA analysis based on an overview of the experimental results available to date for cumulenes.
In Fig. 7 , bond lengths for [n]Mes (n = 3, 5, 7) 70 and [n]Cy (n = 3, 4, 5) 113, 148 are summarized. (Fig. 9 ). This prediction is somewhat higher than that from computational studies for the "parent" series of 
First and foremost, it is clear that the cumulated double bonds are not equal in length in
Reactivity of longer [n]cumulenes (n ≥ 5)
The reactivity of [n]cumulenes with n = 2 and 3 has been reviewed by Diederich, 153 Chauvin, 88 and Ma. 154 Due to the increasing instability in longer [n]cumulenes (n ≥ 5), the reactions of these molecules have been rare and are limited almost exclusively to reactions of [5]cumulenes.
Miscellaneous reactions
Simple Theoretical predictions regarding the reactivity of cumulenes have been recently reported, particularly concerning oxygen sensitivity with respect to the carbon allotrope carbyne.
158,159
Using density functional theory calculations, Moseler and coworkers report that reaction of O 2 with the cumulene chain can cause cleavage, followed by repeated shortening of the chain through additional oxidation and loss of CO 2 . 160 A variety of metal complexes can be formed through the reaction of an electrophilic metal with the π-rich skeleton of a [5]cumulene (Fig. 10) . 161 Complexes of [5]Ph with rhodium prefer bonding to the β-bond when triphenylphoshine is used as a ligand. 162 The analogous system with (i-Pr) 3 P ligands shows rhodium bonded to the γ-bond at low temperature (the kinetic product), while complete conversion to thermodynamic product with Rh-complexation at the β-bond is achieved upon warming. 163, 164 Complexation of (Ph 3 P) 2 Pt to [5]Ph reveals similar behaviour, namely an equilibrium between the kinetic complex at the γ-bond and the thermodynamic complex at the β-bond. 162 The reaction of [5]tBu with Fe 2 (CO) 9 or Fe 3 (CO) 12 gives a mixture of the mono-and dinuclear iron complexes, 165 while Iyoda and coworkers have shown that under the appropriate conditions using non-sterically demanding endgroups, the reaction of either [5]H or [5]tBu with Fe 3 (CO) 12 can be forced all the way to the tetranuclear iron complex. 166, 167 Finally, Suzuki and coworkers have shown that
[5]cumulenes can be trapped with the low-valent zirconocene-bisphosphine complex [Cp 2 Zr(PMe 3 ) 2 ] to give the very strained zirconacyclopent-3-yne products. 168, 169, 170 Page 27 of 41 Chemical Society Reviews Finally, one example of the reactivity of a [6]cumulene has been reported. 128 In this study, Bildstein and coworkers describe the hydrolysis of [6]Fc to give a heptatetraenone.
Cycloadditions with alkenes and alkynes
The most commonly investigated reactions for 6,6-ring junction) occurs at the β-bond, which affords the unsymmetrical cyclobutane derivatives. 116 Noteworthy, all three known examples in Scheme 17 utilize electron deficient alkenes, but nevertheless two different reactivity patterns are clearly operative, i.e., at the β-or γ-bond. Bildstein suggests that addition to the β-bond is the thermodynamic reaction pathway, while the alternative, addition to the γ-bond to give the symmetrical adduct, is described as the kinetic reaction pathway, 171 similar to the situation described for metal complexes in Section 5.1.
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Scheme 17
Cycloaddition of alkenes to a [5]cumulene (C 60 = buckminsterfullerene).
Hartzler, on the other hand suggests that the [2 + 2] addition probably occurs by way of a thermally accessible diradical of the cumulene, and thus cycloaddition reactions at the central double bond might be expected, especially if the terminal carbon atoms are sterically hindered by substituents such as t-butyl (Fig. 11) . This is consistent with the experimental results, which showed that addition of the highly reactive reagent tetrafluoroethene occurs at the γ-bond. 57, 116 The nature of the cumulene varied significantly in these two reactions, from R = t-Bu to R = Fc, but both authors suggest that the addition to the γ-bond is observed because of steric hindrance resulting from endgroups.
Scheme 18
Addition of alkynes to [5]cumulenes. 175 In these three cases, the lack of sterically encumbered endgroups permits reaction at the α-bonds, with concomitant rearrangement of the cumulene framework to give an butadiyne moiety ( 
Di-and trimerizations
Conclusions and perspectives
The synthesis and study of long carbyne. For example, the effect of structure and molecular length on the basic property of bond length alternation has recently been reported, and offers a platform for further studies of physical structure and comparisons to theory. On the other hand, the unique π-electron structure of cumulenes provides distinctive electronic and optical properties that suggest fascinating opportunities in molecular electronics and materials science. Key to exploiting this potential is the development of more stable cumulene structures, and the synthetic methods to realize these targets.
The interest in long [n]cumulenes is not, however, restricted to materials application. There is, without a doubt, a wealth of possible synthetic transformations that might exploit the reactive π-system offered by a cumulene, particularly in the realm of cycloaddition reactions.
To date, however, there is insufficient data to outline a predictive scheme of what products might be expected, based on, for example, reactions that might be of either kinetic or thermodynamic control. In the studies of cumulene dimerization reactions, Professor Peter Page 34 of 41 Chemical Society Reviews Twist angles were calculated as the difference between planes generated from (a) the six carbons of the aryl ring and (b) the carbons of the cumulene skeleton, along with the four ipsocarbons of the aryl rings.
